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ABSTRACT
We suggest that dark energy and dark matter may be a cosmic ouroboros of quantum gravity due
to the coherent vacuum structure of spacetime. We apply the emergent gravity to a large N ma-
trix model by considering the vacuum in the noncommutative (NC) Coulomb branch satisfying the
Heisenberg algebra. We observe that UV fluctuations in the NC Coulomb branch are always paired
with IR fluctuations and these UV/IR fluctuations can be extended to macroscopic scales. We show
that space-like fluctuations give rise to the repulsive gravitational force while time-like fluctuations
generate the attractive gravitational force. When considering the fact that the fluctuations are random
in nature and we are living in the (3+1)-dimensional spacetime, the ratio of the repulsive and attractive
components will end in 3
4
: 1
4
= 75 : 25 and this ratio curiously coincides with the dark composition of
our current Universe. If one includes ordinary matters which act as the attractive force, the emergent
gravity may explain the dark sector of our Universe more precisely.
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1 Introduction
Dark energy and dark matter are a great mystery of the 20th century physics, which has not been
resolved yet within the paradigm of the contemporary physics. In retrospect, the resolution of a great
puzzle requires the upheaval of a radical new physics. Recall how the blackbody radiation and the
photoelectric effect had been resolved at the beginning of the 20th century [1]. We know that these
problems could not be solved by simply modifying the Newtonian dynamics and the classical electro-
dynamics. A radical new paradigm, the so-called quantum mechanics, was necessary to solve these
problems. If dark energy and dark matter would be such a case, i.e., the 21st century version of the
blackbody radiation and the photoelectric effect, they would not be understood by simply modifying
the general relativity and the quantum field theory. Another novel paradigm, a.k.a. quantum gravity,
may be necessary to understand the nature of dark energy and dark matter [2].
The concept of emergent gravity and spacetime recently activated by the AdS/CFT correspon-
dence advocates that spacetime is not a fundamental entity existed from the beginning but an emer-
gent property from a primal monad such as matrices. The emergent spacetime is a new fundamental
paradigm that allows a background-independent formulation of quantum gravity and opens a new
perspective to resolve the notorious problems in theoretical physics such as the cosmological constant
problem, hierarchy problem, dark energy, and dark matter [3]. Moreover the emergent spacetime pic-
ture admits a background-independent description of the inflationary universe which has a sufficiently
elegant and explanatory power to defend the integrity of physics against the multiverse hypothesis
[4, 5]. We emphasize that noncommutative (NC) spacetime necessarily implies emergent spacetime
if spacetime at microscopic scales should be viewed as NC [6]. We will elaborate the emergent grav-
ity from a large N matrix model by considering a vacuum in the NC Coulomb branch satisfying the
Heisenberg algebra and argue that dark energy and dark matter may arise as a cosmic ouroboros of
quantum gravity due to the coherent vacuum structure of spacetime.
It was pointed out in [7, 8] that the emergent gravity from NC U(1) gauge fields resolves the
cosmological constant problem in a surprising way and explains the nature of dark energy as arising
from the UV/IR mixing of vacuum fluctuations over a coherent spacetime vacuum. However the pos-
sibility of dark matter has been overlooked in this approach partially due to the mainstream faction
based on the particle model of dark matters. Recently there has been an encouraging mood from
observations that the notion about the particle nature of dark matter may crumble. Moreover there are
several suggestions to explain the dark matter based on the quantum condensate of light scalar fields
[9, 10, 11], the emergent gravity from quantum entanglements [12, 13, 14] as well as the modified
gravity [15, 16]. A similar scheme to ours was recently presented to solve the dark matter/energy
problems by modifying general relativity to incorporate stringy gravity at short distances [17]. Since
the theoretical structure of physics is always much bigger and richer than we thought, we should not
be stuck only to fashionable ideas. For this reason, we want to explore the whole physical conse-
quences derived from the emergent gravity from large N matrices and NC U(1) gauge fields (see
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recent reviews, [18, 19]) and clarify how dark matter and dark energy can be emergent from complex
microphysical interactions in quantum gravity, like waves in sand dunes.
This paper is organized as follows. In section 2, we explain how one can get a higher-dimensional
NC U(1) gauge theory by considering a vacuum in the NC Coulomb branch of a zero-dimensional
matrix model and map the NC algebra defined by NC U(1) gauge fields to gravitational variables in
higher dimensions [3, 6]. The whole procedure is summarized in Fig. 1. In section 3, we identify
the Einstein equations derived from the four-dimensional NC U(1) gauge fields and then take the an-
alytic continuation to the Lorentzian signature to apply the emergent gravity to our four-dimensional
Universe [7, 8]. We find that the energy-momentum tensor deduced from the NC U(1) gauge fields
generates the repulsive gravitational force as well as the attractive force which can be identified with
the dark energy and dark matter, respectively, with the ratio 75 : 25. We discuss how the inclusion
of ordinary matters in this scheme can change the ratio closely to the observational data and explain
the galaxy rotation curve. In section 4, we summarize our approach with the emphasis on the new
results obtained in this paper and discuss why emergent spacetime is a new fundamental paradigm
for quantum gravity, that opens a novel perspective to resolve the notorious problems in theoretical
physics such as the cosmological constant problem, hierarchy problem, dark matter, and dark energy
[20]. Appendix A clarifies the issue on the UV/IR mixing in the NC Coulomb branch. In appendix
B, we provide a more quantitative analysis on the effect of ordinary matters on the evolution of our
Universe in the presence of dark matter and dark energy.
2 Emergent Spacetime from Matrices
Let us start with a zero-dimensional matrix model with four N × N Hermitian matrices, {φa ∈
AN |a = 1, · · · , 4}, whose action is given by
S = − 1
4g2
Tr[φa, φb]
2. (2.1)
Note that the matrix action (2.1) has the U(N) gauge symmetry as well as a global automorphism
given by
φa → φ′a = Λabφb + ca (2.2)
if Λa
b is a rotation in SO(4) and ca are constants proportional to the identity matrix. It will be shown
later [4] that the global symmetry (2.2) is responsible for the Poincare´ symmetry of flat spacetime
emergent from a vacuum in the Coulomb branch of matrix model and so will be called the Poincare´
automorphism.
The equations of motion for the matrix model (2.1) are given by
[φb, [φa, φb]] = 0, (2.3)
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which must be supplemented with the Jacobi identity
[φa, [φb, φc]] + [φb, [φc, φa]] + [φc, [φa, φb]] = 0. (2.4)
We want to study the dynamics of fluctuations around a vacuum in the Coulomb branch of the matrix
model. The conventional choice of vacuum in the Coulomb branch of U(N) Yang-Mills theory is
given by [φa, φb]|vac = 0 ⇒ 〈φa〉vac = diag
(
(αa)1, (αa)2, · · · , (αa)N
)
for a = 1, · · · , 4. In this case
the U(N) gauge symmetry is broken to U(1)N . If we consider the N → ∞ limit, the large N limit
opens a new phase of the Coulomb branch given by
[φa, φb]|vac = −iBab ⇒ 〈φa〉vac = pa ≡ Babyb (2.5)
where the vacuummoduli ya satisfy theMoyal-Heisenberg algebra [ya, yb] = iθab with θab = (B−1)ab.
This vacuum will be called the NC Coulomb branch. Note that the NC Coulomb branch saves the NC
nature of matrices while the conventional commutative vacuum dismisses the property.
Suppose that the fluctuations around the vacuum (2.5) take the form
φa = pa + Âa(y). (2.6)
We denote the NC ⋆-algebra on R4θ by Aθ and Âa(y) ∈ Aθ are four-dimensional NC U(1) gauge
fields. The adjoint scalar fields in Eq. (2.6) now obey the deformed algebra given by
[φa, φb] = −i(Bab − F̂ab) ∈ Aθ, (2.7)
where F̂ab = ∂aÂb − ∂bÂa − i[Âa, Âb] with the definition ∂a ≡ adpa = −i[pa, ·]. Plugging the
fluctuations in Eq. (2.6) into the zero-dimensional matrix model (2.1), we get the four-dimensional
NC U(1) gauge theory. Thus we arrive at the following equivalence [6]:
S = − 1
4g2
Tr[φa, φb]
2 =
1
4g2YM
∫
d4y(F̂ab − Bab)2, (2.8)
where g2YM = (2π)
2|Pfθ|g2 is the four-dimensional coupling constant. It might be emphasized that
the NC space (2.5) is a consistent vacuum solution of the action (2.1) and the crux to realize the
equivalence (2.8). If the conventional commutative vacuum were chosen, we would have failed to
realize the equivalence (2.8). Indeed it turns out [3, 6] that the NC Coulomb branch is crucial to
realize the emergent gravity from matrix models or large N gauge theories.
We note that both AN and Aθ are associative NC algebras and they form Lie algebras under their
bracket operation. In particular, the NC Coulomb branch (2.5) admits a separable Hilbert space H
and the NC field φa ∈ Aθ in Eq. (2.6) can be identified with an element of a linear map ρ : H → H,
i.e., ρ = End(H) and a linear representation ρ : Aθ → AN in H is a Lie algebra homomorphism.
However there is another important lesson that we have learned from quantum mechanics [1]. For
example, the momentum (position) operator in the Heisenberg algebra can be represented by a dif-
ferential operator in position (momentum) space, i.e., pi = −i~ ∂∂xi or xi = i~ ∂∂pi . More generally
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Figure 1: Emergent gravity is a large N duality
a NC algebra Aθ has a representation in terms of a differential (graded) Lie algebra D and the map
Aθ → D is also a Lie algebra homomorphism. To be specific, let us apply the Lie algebra homomor-
phism Aθ → D to the dynamical variables in Eq. (2.6). We get a set of differential operators derived
from the four-dimensional NC U(1) gauge fields on R4θ, which is defined by
V̂a = {adφa = −i[φa, · ]|φa(y) ∈ Aθ} ∈ D. (2.9)
In a large-distance limit, i.e. |θ| → 0, one can expand the NC vector fields V̂a using the explicit form
of the Moyal ⋆-product. The result takes the form
V̂a = V
µ
a (y)
∂
∂yµ
+
∞∑
p=2
V µ1···µpa (y)
∂
∂yµ1
· · · ∂
∂yµp
∈ D, (2.10)
where yµ are local coordinates on an emergent four-dimensional Riemannian manifoldM . Thus the
expansion of NC vector fields inD generates an infinite tower of the so-called polyvector fields [6].
An interesting problem is to identify the theory described by the set of differential operators (2.10).
Note that the leading term gives rise to the ordinary vector fields that will be identified with a frame
basis associated to the tangent bundle TM of an emergent manifold M , as depicted in Fig. 1. It is
important to perceive that the realization of emergent geometry through the derivation algebra in Eq.
(2.9) is intrinsically local [6]. Therefore it is necessary to consider patching or gluing together the
local constructions to form a set of global quantities. We will assume that local coordinate patches
have been consistently glued together to yield global (poly)vector fields. Let us denote the globally
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defined vector fields by
X(M) =
{
Va = V
µ
a (x)
∂
∂xµ
|a, µ = 1, · · · , 4
}
. (2.11)
Define the structure equations of vector fields by
[Va, Vb] = −gabcVc. (2.12)
The orthonormal vierbeins on TM are then defined by the relation Va = λEa ∈ Γ(TM) where
the conformal factor λ is determined by gbab = Va lnλ
2. In the end, the Riemannian metric on a
four-dimensional spacetime manifoldM is given by [6, 7]
ds2 = gµνdx
µdxν = λ2vaµv
a
νdx
µdxν (2.13)
where va = vaµ(x)dx
µ are dual covectors defined by V µa v
b
µ = δ
b
a.
Let us trace the metric (2.13) out to see where the flat spacetime comes from. Definitely the flat
spacetime corresponds to the vector field Va = δ
µ
a
∂
∂xµ
for which λ2 = 1. It is easy to see that the flat
spacetime arises from the vacuum gauge fields 〈φa〉vac = pa in Eq. (2.5). This implies a remarkable
picture [7, 8] that the flat spacetime is not an empty space unlike the general relativity but emergent
from a uniform vacuum condensate corresponding to a cosmological constant in general relativity. In
this case, the automorphism (2.2) precisely corresponds to the Poincare´ symmetry of flat spacetime.
Therefore the NC Coulomb branch (2.5) does not break the Poincare´ symmetry. Rather it is emergent
from the symmetry (2.2) of the underlying matrix model.
3 Dark Energy and Dark Matter from Emergent Gravity Picture
In this section, we explore the physical consequences derived from the picture in Fig. 1. First, note
that [φa, [φb, φc]] = −D̂aF̂bc. Using this result, one can derive the equations of motion and the Bianchi
identity of NC U(1) gauge fields from Eqs. (2.3) and (2.4), respectively. For these field variables,
the Lie algebra homomorphism reads as Aθ → D : [φa, [φb, φc]] 7→ −[V̂a, [V̂b, V̂c]] [6, 7]. In the
commutative limit, we thus get the following correspondence:
D̂bF̂ab = 0
|θ|→0
===⇒ [Vb, [Va, Vb]] = 0, (3.1)
D̂[aF̂bc] = 0
|θ|→0
===⇒ [V[a, [Vb, Vc]]] = 0. (3.2)
Note that the torsion and the curvature are multi-linear differential operators defined by
T (X, Y ) = ∇XY −∇YX − [X, Y ], (3.3)
R(X, Y )Z = [∇X ,∇Y ]Z −∇[X,Y ]Z, (3.4)
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whereX, Y andZ are vector fields onM . Therefore they satisfy the relations T (Va, Vb) = λ
2T (Ea, Eb)
and R(Va, Vb)Vc = λ
3R(Ea, Eb)Ec. After imposing the torsion free condition, T (Ea, Eb) = 0, it is
easy to derive the identity R(E[a, Eb)Ec] = λ
−3R(V[a, Vb)Vc] = λ−3[V[a, [Vb, Vc]]]. Consequently
we see [7, 18] that the Bianchi identity (3.2) for NC U(1) gauge fields in the commutative limit is
equivalent to the first Bianchi identity for the Riemann curvature tensors, i.e.,
D̂[aF̂bc] = 0
|θ|→0
===⇒ R(E[a, Eb)Ec] = 0. (3.5)
The mission for the equations of motion (3.1) is more involved. But, from the experience on the
Bianchi identity (3.5), we basically expect that it will be reduced to the Einstein equations
D̂bF̂ab = 0
|θ|→0
===⇒ Rab = 8πG
(
Tab − 1
2
δabT
)
. (3.6)
After a straightforward but tedious calculation, we get a remarkably simple but cryptic result [7, 18]
Rab = − 1
λ2
(
g
(+)i
d g
(−)j
d (η
i
acη
j
bc + η
i
bcη
j
ac)− g(+)ic g(−)jd (ηiacηjbd + ηibcηjad)
)
. (3.7)
To get the above result, we have taken the canonical decomposition of the structure equation (2.12) as
gabc = g
(+)i
c η
i
ab + g
(−)i
c η
i
ab. (3.8)
First it is convenient to decompose the energy-momentum tensor into two parts
8πGT
(M)
ab = −
1
λ2
(
gacdgbcd − 1
4
δabgcdegcde
)
, (3.9)
8πGT
(L)
ab =
1
2λ2
(
ρaρb −ΨaΨb − 1
2
δab(ρcρc −ΨcΨc)
)
, (3.10)
where ρa ≡ gbab and Ψa ≡ −12εabcdgbcd. A close inspection reveals that the first one is the Maxwell
energy-momentum tensor given by [7, 8]
T
(M)
ab =
~
2c2
g2YM
(
FacFbc − 1
4
δabFcdFcd
)
(3.11)
but the second one seems to be mystic.
The reason is the following. The curvature tensor Rabcd in general relativity can be decomposed
according to the canonical split of Lie algebra so(4) = su(2)L⊕ su(2)R and the canonical decompo-
sition of two-forms Ω2(M) = Ω2+ ⊕ Ω2− as [21, 22]
R =
(
W+ + 1
12
s B
BT W− + 1
12
s
)
. (3.12)
A notable point is that the Ricci scalar s appears in the blocks (++) and (−−) while the traceless
Ricci tensors B and BT show up in the blocks (+−) and (−+). Note that the Ricci tensors (3.7)
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emergent from NC U(1) gauge fields belong to the mixed sector (+−) and (−+). Thus they should
be traceless according the decomposition (3.12) if they would be based on the general relativity.
However the Ricci tensor (3.7) has a nontrivial Ricci scalar given by s = 1
2λ2
(ρaρa − ΨaΨa). Hence
the Liouville energy-momentum tensor (3.10) cannot be realized in the context of general relativity.
In order to descry more aspects of the second energy-momentum tensor, let us separate the scalar and
tensor perturbations as ρaρb =
1
4
δabρcρc +
(
ρaρb − 14δabρcρc
)
and ΨaΨb =
1
4
δabΨcΨc +
(
ΨaΨb −
1
4
δabΨcΨc
)
. In a long wavelength limit where the quadruple modes can be ignored, the Liouville
energy-momentum tensor (3.10) behaves like a cosmological constant
T (L)µν ≈ −
s
32πG
gµν . (3.13)
In order to get a corresponding result in (3+1)-dimensional Lorentzian spacetime, let us take the
analytic continuation defined by x4 = ix0. Under this Wick rotation, gµν → gµν , ρµ → ρµ and
Ψµ → iΨµ, so the Liouville energy-momentum tensor in the Lorentzian signature is given by
T (L)µν =
1
16πGλ2
(
ρµρν +ΨµΨν − 1
2
gµν(ρ
2
λ +Ψ
2
λ)
)
. (3.14)
Note that ρµ and Ψµ are four-vectors and random fluctuations in nature and the Lorentzian four-
vectors have their own causal structure unlike the Riemannian case. They are classified into three
classes:
(A) (ρµ,Ψµ) are space-like vectors, i.e. g
µνρµρν > 0, etc.
(B) (ρµ,Ψµ) are time-like vectors, i.e. g
µνρµρν < 0, etc.
(C) (ρµ,Ψµ) are null vectors, i.e. g
µνρµρν = 0, etc.
which is in sharp contrast to the Riemannian space where every vectors are positive-definite. We will
see that their causal structure results in the different nature of gravitational interactions.
Let us clarify this important issue. Given a time-like unit vector uµ, i.e. u
µuµ = −1, the Ray-
chaudhuri equation in four dimensions is given by [23, 24]
Θ˙− u˙µ;µ + ΣµνΣµν − ΩµνΩµν +
1
3
Θ2 = −Rµνuµuν , (3.15)
where Rµνu
µuν = 1
2λ2
uµuν(ρµρν + ΨµΨν). Assume, for simplicity, that all the terms except the
expansion evolution, Θ˙, in the Raychaudhuri equation vanish or become negligible. In this case the
Raychaudhuri equation reduces to
Θ˙ = − 1
2λ2
uµuν(ρµρν +ΨµΨν). (3.16)
In macroscopic scales where the scalar fluctuations are dominant compared to tensor perturbations,
the Raychaudhuri equation (3.16) can be approximated as
Θ˙ ≈ s
4
(3.17)
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where s = 1
2λ2
gµν(ρµρν +ΨµΨν) is the Ricci scalar determined by the Einstein equations (3.6). Thus
the behavior of spacetime expansion/contraction crucially depends on the causal structure of random
fluctuations in the three classes:
(A) Θ˙ ≈ s
4
> 0 when (ρµ,Ψµ) are space-like vectors,
(B) Θ˙ ≈ s
4
< 0 when (ρµ,Ψµ) are time-like vectors,
(C) Θ˙ ≈ s
4
= 0 when (ρµ,Ψµ) are null vectors.
As a result, space-like fluctuations give rise to the repulsive gravitational force while time-like fluc-
tuations generate the attractive gravitational force. Let us forget about the null case (C) since it does
not contribute to the spacetime expansion/contraction.
In the above argument, we have assumed that the fluctuations ρµ and Ψµ share the same causal
structure since they all come from the structure equation (2.12) like the electric and magnetic fields in
electromagnetism although we could not prove it rigorously. The Liouville energy-momentum tensor
(3.14) stipulates an inimitable energy condition. For a time-like unit vector uµ, it obeys the following
property
T (L)µν u
µuν =
1
32πGλ2
(gµν + 2uµuν)(ρµρν +ΨµΨν) ≥ 0 (3.18)
since gµν + 2uµuν is a positive definite metric [23] and(
T (L)µν −
1
2
gµνT
(L)
)
uµuν =
1
16πGλ2
(
(ρµu
µ)2 + (Ψµu
µ)2
)
≥ 0. (3.19)
One can see that the equality in the above inequalities holds only for the Minkowski spacetime.
Remarkably the Liouville energy-momentum tensor (3.14) satisfies the weak energy condition (3.18)
as well as the strong energy condition (3.19) in spite of its exotic nature. However, at large distances
where shear modes can be ignored, it reduces to
T (L)µν u
µuν =
1
64πGλ2
(ρ2λ +Ψ
2
λ) = −
(
T (L)µν −
1
2
gµνT
(L)
)
uµuν . (3.20)
Therefore the cases (A) and (C) satisfy the weak energy condition while the case (B) does not if
scalar modes are large compared to tensor modes. However the case (A) violates the strong energy
condition whereas the cases (B) and (C) satisfy it for the same situation. This means that the time-like
fluctuations should not be interpreted as ordinary matters and the space-like fluctuations behave like
a cosmological constant or dark energy at large distances. We will see that this observation is indeed
true with interesting implications for our Universe.
It should be interesting to estimate the energy scale of the Liouville energy-momentum tensor
(3.14). First observe that the NC Coulomb branch is generated by the Planck energy condensate in
vacuum, i.e., ρvac =
1
4g2YM
|Bµν |2 ∼ 10−2M4P [7, 8]. An important point is that the fluctuations over the
coherent vacuum (2.5) should be subject to the spacetime uncertainty relation since the NC Coulomb
branch satisfies the Heisenberg algebra. The spacetime uncertainty relation is realized as the UV/IR
mixing of vacuum fluctuations [25]. See Appendix A for the discussion on the UV/IR mixing in
the NC Coulomb branch. This means that UV fluctuations in the NC Coulomb branch are always
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paired with IR fluctuations and these UV/IR fluctuations can be extended to macroscopic scales [8].
Hence let us consider the vacuum fluctuations whose IR fluctuations have a macroscopic wavelength
LH = M
−1
H . Having this in mind, let us estimate the energy density of the vacuum fluctuations. Since
the order estimate can be recast with the Euclidean action (2.8) too, let us use it for simplicity. The
energy density from Eq. (2.8) reads as
ρ = ρvac + δρ =
1
4g2YM
(
BµνB
µν − 2BµνF̂ µν + F̂µνF̂ µν
)
= M4P
(
1 +
L2P
L2H
)2
= M4P +
1
L2PL
2
H
+M4H , (3.21)
where we used the fact ρvac ≃ M4P and |F̂µν | = 1L2H for a simple dimensional reason. It should be
remarked that the cross term BµνF̂
µν is a total derivative term but it cannot be dropped since the
vacuum fluctuations represented by F̂µν(y) are not localized but extended to a macroscopic scale LH .
Actually the above analysis shows that the vacuum fluctuation energy
δρ ∼ − 1
2g2YM
BµνF̂
µν ≈ 1
L2PL
2
H
(3.22)
is coming from the boundary term on a hypersurface of radius LH . The same analysis shows [7] that
the Ricci scalar in Eq. (3.13) has the curvature scale given by |s| ∼ 1
L2H
, i.e.,
T (L)µν ∼ ±
1
L2PL
2
H
gµν . (3.23)
A few remarks are in order. If the macroscopic scale LH is identified with the size of cosmic
horizon of our observable universe,LH = 1.3×1026m, the extended (nonlocal) energy in Eq. (3.22) or
(3.23) is in good agreement with the observed value of current dark energy ρDE := δρ ≈ (10−3eV )4.
Moreover one can determine the total energy within the hypersurface of radius LH , which is given by
δE = 4piLH
3L2P
. Thus the corresponding total entropy δS = δE
TH
is determined as δS = AH
4G
since the de
Sitter temperature of the cosmological horizon is given by TH =
1
2piLH
[26], where AH = 4πL
2
H and
8πG = L2P . Of course the numerical factor is a wishful thinking. This argument shows that the dark
energy/matter in our Universe would be a holographic manifestation of a microscopic physics, a.k.a.
quantum gravity. We showed before that space-like fluctuations give rise to the repulsive gravitational
force while time-like fluctuations generate the attractive gravitational force. When considering the
fact that the fluctuations are random in nature and we are living in the (3+1)-dimensional spacetime,
the ratio of the repulsive and attractive components will end in 3
4
: 1
4
= 75 : 25 and this ratio
curiously coincides with the dark composition of our current Universe [8]. Note that the dark energy in
(3.23) sets the current Hubble parameterH0 =
c
LH
and the Hubble parameter induces a characteristic
acceleration scale a0 = cH0 =
c2
LH
. Since the dark matter is the third of the dark energy, the dark
matter will give rise to the attractive acceleration scale a0
3
= c
2
3LH
. This attractive force will compete
with ordinary matters depending on their characteristic scales. Since the ordinary matter acts as the
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attractive gravitational force too, the inclusion of ordinary matters definitely changes the previous
ratio as 75↓ : 25↑, that will cause a better match with the current observation. Therefore it is expected
that the emergent gravity can explain the dark sector of our Universe more precisely after including
ordinary matters in this scheme. More detailed analysis is given in appendix B.
The emergent gravity picture requires to unify geometry and matters on an equal footing. But
it is not yet understood what matter is from the emergent gravity picture although a tough idea was
suggested in [6, 7, 8]. So we simply assume the matter fields that obey the law of Standard Model.
Suppose that ordinary matters are added in the background of dark matter and dark energy given by
(3.23). Then there are two independent sources generating the attractive force and two gravitational
forces due to the dark matter and ordinary matters will compete each other with their own charac-
teristic scales. Since we provide a more quantitative analysis in appendix B, we only highlight the
main argument. Since the gravitational force generated by ordinary matters decays as the 1
r2
-law, the
gravitational force due to ordinary matters will dominate at small scales while the gravitational accel-
eration due to dark matter dominates at large scales. To illuminate this aspect, let us consider a (spiral
or disk) galaxy andM(r) be the mass contained inside an orbit of radius r. The mass distribution of
the galaxy gives rise to the acceleration aM =
GM(r)
r2
which decreases as 1/r2 as r increases if there
is no mass outside this radius. Thus there is a crossover where the acceleration aM becomes equal to
the acceleration a0
3
= c
2
3LH
due to the dark matter:
aM =
GM
r2
.
a0
3
=
c2
3LH
. (3.24)
One can see from Eq. (3.24) that this crossover arises at the distance rc =
√
3GMLH
c
from the center
of the galaxy, over which the acceleration a0/3 due to the dark matter dominates. For example, the
crossover distances forM33 (M = 5×1010M⊙, R = 9 kpc) and theMilkyWay (M = 1012M⊙, R =
38 kpc) are rc ≈ 5.6 kpc (1.7× 1020m) and 29.8 kpc (9.2× 1020m), respectively, which are roughly
the size of the galaxies. This implies that the flattening of the galaxy rotation curve may be explained
by the dark matter given by Eq. (3.23).
4 Discussion
We have applied the emergent gravity to a large N matrix model by considering a vacuum in the
NC Coulomb branch satisfying the Heisenberg algebra. The vacuum fluctuations in the NC Coulomb
branch are described by a four-dimensional NC U(1) gauge theory and thus the random four-vectors
have their own causal structures in the commutative limit unlike the conventional cosmological mod-
els based on a scalar field theory coupled to gravity. We showed that their causal structure results in
the different nature of gravitational interactions so that space-like fluctuations give rise to the repulsive
gravitational force while time-like fluctuations generate the attractive gravitational force. When con-
sidering the fact that the fluctuations are random in nature and we are living in the (3+1)-dimensional
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spacetime, the ratio of the repulsive and attractive components ends in 3
4
: 1
4
= 75 : 25. We have
performed a quantitative analysis to indicate that the inclusion of ordinary matters in the background
of dark matter and dark energy can explain the dark sector of our Universe more precisely. Moreover
we have illustrated how the existence of two attractive forces due to ordinary matter and dark matter
with completely different characteristic scales can explain the flattening of the galaxy rotation curve.
However, in order to understand the history of our Universe at z & 0.5 ∼ 1 from the emergent gravity
picture, it seems to be necessary to consider a more sophisticated analysis beyond taking a simple
truncation to scalar modes and regarding the Ricci scalar as a cosmological constant.
The most remarkable aspect of emergent gravity is that any kind of spacetime structures should
not be assumed in advance but must be defined as a solution of an underlying background-independent
theory. Even the flat Minkowski spacetime should have its own configuration defined by matrices or
NC U(1) gauge fields [3]. We observed at the end of section 2 that the flat space R4 arises from the
vacuum (2.5) in the NC Coulomb branch which becomes the Minkowski spacetime after the analytic
continuation. And we have seen in Eq. (3.21) that the vacuum condensate in the NC Coulomb
branch naturally results from the dynamical condensate of the Planck energy. The curved spacetime
is generated by the deformations of the Coulomb branch vacuum schematically represented by Fµν =
Bµν + Fµν ⇔ gµν = ηµν + hµν [27]. If the flat spacetime emerges from the Planck energy
condensation in vacuum, it implies that spacetime behaves like an elastic body with the tension of
Planck energy. In other words, gravitational fields generated by the deformations of the vacuum (2.5)
will be very weak because the spacetime vacuum corresponds to a harmonic oscillator with a stiffness
of the Planck energy. Therefore the dynamical origin of flat spacetime explains the metrical elasticity
opposing the curving of space and the stunning weakness of gravitational force [8]. Furthermore the
emergent spacetime implies that the global Lorentz symmetry, being the isometry of flat spacetime,
should be a perfect symmetry up to the Planck scale because the flat spacetime was originated from
the condensation of the maximum energy in Nature.
The above spacetime picture in emergent gravity may bear some analogy with water waves in a
swimming pool. Without water in the swimming pool, it is not possible to generate the water wave
but instead sound waves can occur through air molecules in the pool. In order to generate the water
wave, first it is necessary to fill up the swimming pool with water. Similarly there have been two
phases of vacua in the Coulomb branch of a large N matrix model: the commutative vacuum and the
NC vacuum. Unfortunately general relativity has no explanation about the dynamical origin of the
Minkowski spacetime and there is a tangible difference about the origin of flat spacetime between
general relativity and emergent gravity: the water in the swimming pool is regarded as a completely
empty space in general relativity. This misconception for the dynamical origin of spacetime intro-
duces several notorious puzzles in theoretical physics such as the cosmological constant problem
and the hierarchy problem [8]. In particular, the correct identification of the dynamical origin of flat
spacetime has been crucial to understand why dark energy and dark matter correspond to a cosmic
ouroboros of quantum gravity due to the coherent vacuum structure of spacetime. A more meditation
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about emergent spacetime also reveals a remarkable picture [4, 5] that the cosmic inflation corre-
sponds to the dynamical emergence of spacetime describing the dynamical process of Planck energy
condensation in vacuum, i.e., the instant filling up the swimming pool with water.
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A UV/IR mixing in the NC Coulomb Branch
The UV/IR mixing is one of cruxes to understand the nature of dark energy and dark matter from
the emergent spacetime picture. In order to see why the NC Coulomb branch (2.5) satisfying the
Heisenberg algebra necessarily gives rise to the UV/IR mixing, consider the NC space R2nθ whose
coordinate generators satisfy the commutation relation
[ya, yb] = iθab, (a, b = 1, · · · , 2n), (A.1)
where θab is a 2n× 2n symplectic matrix. To be specific, let us take θab as the form
θab = α′
(
0 I
−I 0
)
(A.2)
where α′ ≡ l2s is a fundamental constant with the physical dimension of (length)2 and I is the n× n
identity matrix. Given a polarization like (A.2), it is convenient to split the coordinate generators as
ya = (yi, yn+i), i = 1, · · · , n, and rename them as yi ≡ xi and yn+i ≡ α′
~
pi. We have intentionally
introduced the Planck constant ~. Note that [yn+i] carries the physical dimension of length, as it
should be, if pi is a momentum. Then the commutation relation (A.1) can be written as
[xi, pj] = i~δij . (A.3)
Therefore we can apply the Heisenberg uncertainty principle to the commutation relation (A.3) which
leads to
∆xi∆pj ≥ ~
2
δij. (A.4)
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If we use the original variables ya = (yi, yn+i), the above uncertainty relation reads as
∆yi∆yn+j ≥ α
′
2
δij . (A.5)
The commutation relation (A.3) implies that the mathematical structure of NC space is the same
as quantum mechanics. Thus one can regard the physics on the NC space (A.1) as a ‘quantum me-
chanics’ defined by α′ instead of ~. This is the reason why one should not consider the NC space R2nθ
as a classical space. Moreover the scales where the noncommutative (or quantum) effect becomes
significant are dramatically different for the NC space and quantum mechanics. Since the noncom-
mutativity of spacetime is set by the fundamental constant α′ ≡ l2s , it is natural to consider the length
scale as the Planck length, i.e. ls = 10
−35m. ls is much more smaller than the scale for quantum
mechanics, typically the Bohr radius rB = 5.3× 10−11m. The Bohr radius corresponds to the size of
superclusters (∼ 1024m) in our Universe to an observer who appreciates the noncommutative effect
(A.5) resulting from the NC space R2nθ . Hence the quantum mechanics represented by the NC phase
space (A.3) rather behaves like a “classical system” to an observer near the Planck scale, so it may
be natural to consider it as emergent from something deeper [28], possibly from the NC space (A.1).
Therefore it is necessary to take the uncertainty relation (A.5) into account as a primary effect when
we consider the physics on the NC space (A.1). Although the UV/IR mixing was derived in [25]
from quantum loops controlled by ~, it is obvious from the uncertainty relation (A.5) that the UV/IR
mixing should exist even without considering quantum mechanics, i.e. ~-effects, since the NC space
(A.1) can be written as the form (A.3).
B Raychaudhuri equation with ordinary matters
In this appendix, we analyze the effect of ordinary matters on the evolution of our Universe in the
presence of dark matter and dark energy. For this purpose, let us simply add ordinary matters in the
background of dark matter and dark energy described by the energy-momentum tensor (3.14). The
total energy-momentum tensor is then given by
Tµν = T
(L)
µν + T
(SM)
µν (B.1)
where T
(SM)
µν is the energy-momentum tensor for all fields in Standard Model including the Maxwell
energy-momentum tensor (3.11) (to be precise, its analytically continued version to the Lorentzian
signature). Similarly to Eq. (3.15), we consider the evolution equation for the expansion (Θ), shear
(Σµν) and rotation (Ωµν) along the flow representing a time-like or null vector uµ, i.e. u
µuµ = −1 or
0. The Raychaudhuri equation in this case is given by [23, 24]
Θ˙ + ΣµνΣ
µν − ΩµνΩµν + 1
n
Θ2 = −Rµνuµuν , (B.2)
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where n = 3 (2) for the time-like (null) vector uµ. Note that we have dropped an external force term
−u˙µ;µ since we will consider only geodesic congruences. For the energy-momentum tensor (B.1), the
right-hand side of Eq. (B.2) is given by
− Rµνuµuν = − 1
2λ2
uµuν(ρµρν +ΨµΨν)− 8πG
(
T (SM)µν u
µuν +
(n− 2)
2
T (SM)
)
. (B.3)
It is known [24] that all normal matters obey the strong energy condition.1 This means that the
second term on the right-hand side of Eq. (B.3) is negative. Since the CMB observations show that
our Universe, at least, beyond supercluster scales (& 100 Mpc) can approximately be described by a
homogeneous and isotropic spacetime, the Universe can be described by the FLRW metric given by
ds2 = −dt2 + a(t)2hij(x)dxidxj . (B.4)
In this case, the shear and rotation of spacetime can be ignored beyond the supercluster scales. Over
these scales, the energy-momentum tensor of ordinary matters in Eq. (B.3) may be approximated by
a perfect fluid with the stress tensor given by
T (PF )µν = (ρ+ p)uµuν + pgµν , (B.5)
where ρ is the energy density of fluid and p is its pressure. For time-like congruences, the strong
energy condition for the form (B.5) can be written as ρ + 3p ≥ 0. The same approximation can be
applied to the first term on the right-hand side of Eq. (B.3) which leads to the result
− 1
2λ2
uµuν(ρµρν +ΨµΨν) ≈ 1
8λ2
gµν(ρµρν +ΨµΨν) ≡ s
4
. (B.6)
Although we have maintained the same notation as (3.17), s is no longer a Ricci scalar because
the energy-momentum tensor (B.1) modifies the Ricci scalar. Note that, for the FLRW metric (B.4),
Θ˙+ 1
3
Θ2 = 3 a¨
a
. Therefore the Raychaudhuri equation (B.2) in the homogeneous and isotropic universe
is given by
3
a¨
a
≈ s
4
− 8πG(ρ+ 3p). (B.7)
Since the causal structure of vacuum fluctuations cannot be mixed each other, it should be consid-
ered separately:
(A) 3 a¨
a
= |s|
4
− 8πG(ρ+ 3p) > 0 when (ρµ,Ψµ) are space-like vectors,
(B) 3 a¨
a
= − |s|
4
− 8πG(ρ+ 3p) < 0 when (ρµ,Ψµ) are time-like vectors,
(C) 3 a¨
a
= −8πG(ρ+ 3p) < 0 when (ρµ,Ψµ) are null vectors,
where, for the case (A), we used the fact (3.24) that the dark energy is dominant over ordinary matters
beyond the scale of galaxies. As we observed before, space-like fluctuations in Eq. (B.6) give rise
1The Higgs potential term, V (φ) = λ(|φ|2 − υ2)2, in Standard Model can violate it, but the Higgs field condenses to
the vacuum after the electroweak epoch∼ 10−32 s, that is, φ(x) = (υ+H(x))eiα(x). Thus the potential energy becomes
V (φ) = λH2(H + 2υ)2 after the electroweak epoch, so localized near the Higgs fieldH(x).
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to the repulsive gravitational force while time-like fluctuations generate the attractive gravitational
force with the ratio 3
4
: 1
4
= 75 : 25 before including ordinary matters. Let us clarify why the ratio
should be obtained and the case (C) can be ignored compared to the cases (A) and (B). Consider a
cylinder with radius a and height a as a (2+1)-dimensional spacetime, for simplicity, where the height
signifies the time direction. Of course, we need to take the limit a → ∞ to describe macroscopic
spacetimes. Consider a future-directed light-cone based on the bottom inside the cylinder as shown
in Fig. 2. The time-like fluctuations should lie inside the light-cone, so the available volume of them
is 1
3
πa3 while the space-like fluctuations should lie outside the light-cone, so the available volume
is 2
3
πa3. Hence the ratio of space-like vs. time-like fluctuations is 2
3
: 1
3
. But the null fluctuations
Figure 2: Future light-cone inside a cylinder
should be on the surface of light-cone, so its area is
√
2πa2. Thus the contribution from the null
fluctuations can be ignored compared to the cases (A) and (B) with the volume ∝ a3 when a → ∞.
The same analysis can be generalized to a four-dimensional spacetime where the ratio of space-like
vs. time-like fluctuations is replaced by 3
4
: 1
4
because the volume of a d-dimensional cone is equal to
1
d
× (base)× (height).
Since ρ+ 3p > 0 for ordinary matters, the case (A) shows that ordinary matters tend to make the
expansion rate reduce while the case (B) shows that they tend to make the contraction rate increase.
This confirms our inference in section 3 that the inclusion of ordinary matters changes the dark com-
position of our Universe as 75↓ : 25↑. In order to know a precise ratio, we need to know how much
ordinary matters were produced through quantum fluctuations during inflation and reheating, which
is unfortunately beyond the reach yet. Nevertheless, the current observational data indicate that the
density of ordinary matter in the universe is only 5 % of the critical density; the case (A) then suggests
that dark energy proportion will be reduced to 70 % = 75 % - 5 %.
Now let us consider the effect of dark matter on the rotation curve of galaxies. Around the scale
of galaxies (& kpc), the universe is neither homogeneous nor isotropic. Thus the matter distribution
of a galaxy would not be approximated by a perfect fluid. Instead, the curvature deformation of
spacetime by galaxies is small such that post-Newtonian description in the background of dark matter
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can be applied to a good approximation. In this approximation, the dark matter term (B.6) acts as an
attractive force and behaves like a cosmological constant s
12
= − 1
12L2H
≡ −Λ (anti-de Sitter space)
because the shear (spin-2) modes in the post-Newtonian approximation are generally small. In the
presence of a cosmological constant, the Minkowski metric ηµν is not a vacuum solution of the field
equations, but for Λ≪ 1 an approximate solution in a finite region can still be found by the expansion
around ηµν as
ds2 =
(
− 1 + 2φ
c2
+ · · ·
)
dt2 + δij
(
1 +
2φ
c2
+ · · ·
)
dxidxj. (B.8)
The above metric is determined by directly solving Eq. (B.3) with T
(SM)
µν ≈ diag(ρ, 0, 0, 0) + · · ·
where ρ(x, t) is a matter distribution of a galaxy. For a more systematic expansion, see [29]. To
properly treat the Λ-term in the post-Newtonian approximation, the size of the contributions due
to Λ must be at most comparable to the post-Newtonian terms, which condition can be written as√
Λ ≤ Rg
r2
where Rg =
GM
c2
is the gravitational radius [29]. If
√
Λ > Rg
r2
which is the same as the
condition (3.24), the post-Newtonian approximation becomes bad and the dark matter contribution
becomes more important than ordinary matters. We observed in (3.24) that this happens at a distance
around the size of galaxies.
Finally we address the issue whether other epochs of the universe can be described equally well
by the energy-momentum tensor (B.1). Let us consider the Einstein equations with the stress tensor
(B.1) for the FLRW metric (B.4) whose (00)-component leads to
3H2 = 8πG(ρSM + ρA + ρB + ρC), (B.9)
where H(t) ≡ a˙/a and ρSM = T (SM)00 and the energy density T (L)00 is divided into three causal classes
for space-like (A), time-like (B) and null (C) fluctuations. The energy density ρSM may be further
decomposed into matter and radiation energy densities, ρM and ρR, so that ρSM = ρM + ρR. The
expansion rate of the universe can then be written as the well-known form [24]
H2 = H20
(
ΩM(1+z)
3+ΩR(1+z)
4+ΩA(1+z)
3(1+ωA)+ΩB(1+z)
3(1+ωB)+ΩC(1+z)
3(1+ωC)
)
, (B.10)
where H0 is the present Hubble constant and z is the redshift factor. Here we used the relation
Ωi =
ρi,0
ρcrit
and ρi
ρi,0
= (1 + z)3(1+ωi) for species i with the equation of state ωi where ρcrit =
3H2
0
8piG
. In
order to know the expansion rate of the universe at time t, it is necessary to know the equation of states
ωi besides Ωi for i = A,B,C. They are not known to us so far and more works are necessary to pin
down their precise values. Hence let us take the approximation (B.6). In this limit, T
(L)
µν ∼ − s32piGgµν ,
so behaves like a cosmological constant2 and obeys ΩB = −13ΩA, ΩC = 0 and ωA = ωB ≈ −1.
Then Eq. (B.10) reduces to
H2 = H20
(
ΩM(1 + z)
3 + ΩR(1 + z)
4 +
2
3
ΩA
)
. (B.11)
2In general, it is true only in a finite time period. Since ρa = gbab = Va lnλ
2 and λ2 will be time-dependent in an
expanding universe, the Ricci scalar s will be time-dependent too.
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With the input, ΩM = 0.05, ΩR = 8 × 10−5 and ΩA = 0.7, Eq. (B.11) estimates the dark energy
dominated era at z . 1.1. According to observational data, the dark energy dominated era started
at z . 0.5. Therefore, to understand an early Universe at z & 0.5 ∼ 1, it is required to perform
a more refined analysis by improving our crude approximation taking a simple truncation to scalar
modes and regarding the Ricci scalar as a cosmological constant. Indeed, Eq. (3.19) shows that the
energy-momentum tensor T
(L)
µν generates an attractive force for any fluctuations if the shear modes
are not ignored and causes the delay of the dark energy dominated era.
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